assembly of cytoskeletal proteins into axons. The importance of such local signaling was established by studies more than two decades ago in which neuron cell bodies were separated from their axons (Campenot, 1982a(Campenot, , 1982b. These "Campenot Chamber" studies demon- . GSK-3␤ has also been
intensively studied because of its key role in Wnt signaling. In the Wnt pathway, GSK-3␤ forms a complex with axin and APC, phosphorylates these substrates, and controls gene expression by regulating ␤-catenin levels (see Woodgett, 2001 , for a review). In addition to the regulation of ␤-catenin levels in the Wnt pathway, APC has recently been shown in nonneuronal cells to bind to the plus ends of microtubules and stabilize their growing ends, a property that is abolished by GSK-3␤ phosphorylation (Zumbrunn et In the present studies, we demonstrate that a tightly regulated and localized activation of PI3K at the growth cone is essential for rapid axon growth induced by NGF. This spatially activated PI3K signaling is conveyed downstream through a localized inactivation of GSK-3␤. We further show that these two spatially coupled kinases control axon growth by regulating a microtubule plus end binding protein, APC. Our findings provide evidence that spatially controlled signal transduction is necessary for efficient axon elongation. Moreover, we trophins. A previous study using a dominant inhibitory PI3K con-* Indicates significant difference from the axon shaft staining (n ϭ 3 struct demonstrated that PI3K is a key signaling mediaindependent experiments, p Ͻ 0.01).
High magnification showed colocalization of pAkt with actin filaments (A2). Membrane accumulation of EGFP-PH-Akt was used as another indicator of PI3K activation (A3). EGFP-PH was localized

Results
tor that mediates NGF-induced axon growth (Markus et al., 2002b) . To study the mechanism of this PI3K regulation, we first examined the localization of PI3K
To visualize PI3K activation in real time, we transfected neurons with a construct encoding the PH doactivation during NGF-mediated axon growth from embryonic mouse DRG neurons. Phosphorylated Akt was main derived from Akt coupled with EGFP. Upon PI3K activation, PH domain-containing proteins are recruited used as a marker for PI3K activation (see Shi et al., 2003) . Our results showed localized staining of phospho-Akt to the membrane by PIP3, the lipid product of PI3K (see Cantley, 2002, for a review). As shown in Figure 1A3 , at the distal ends of the axons ( Figure 1A1 ), demonstrating a spatial distribution of activated PI3K. High-magni-EGFP-PH (Akt) was highly concentrated at the leading edge of the growth cone (arrow), whereas little was fication imaging showed colocaliation of phospho-Akt with actin filaments in the growth cone ( Figure 1A2) . found along the axon shaft (arrowheads). This result indicates spatially localized production of PIP3 at the Quantitation of relative average fluorescence intensity along the axon normalized for the difference in total growth cones. Time-lapse imaging showed sustained accumulation of EGFP-PH at the growth cone during protein along the axon due to variations in axonal volume (see Experimental Procedures) verified that phosphoaxon extension (data not shown).
To test whether localized activation of PI3K is necesAkt staining was significantly higher at the growth cone than along the axon shaft ( Figure 1B) . sary for axon growth induced by NGF, we overexpressed a constitutively activated PI3K in the form of the memdistribution. Quantitation showed that inactivated GSKbrane-targeted chimeric protein p110-CAAX that local-3␤ at the growth cone was significantly higher than in ized along the entire axon. Control neurons expressing the axon shaft (Supplemental Figure S1C at 1999). Immunostaining showed that the expressed These results are consistent with findings from a previFrat-1 was evenly distributed along the whole axon ous study using embryonic chicken DRG neurons (Eickshaft, suggesting uniform interaction between Frat-1 holt et al., 2002). Specificity of these results was demonand GSK-3␤ along the length of the axon ( Figure 2E ). strated by the fact that inhibition of ERK with inhibitor Neurons expressing Frat-1 had much shorter axons U0126 had no effect (data not shown). A decrease in compared with EGFP-expressing neurons ( Figure 2F ). GSK-3␤ phosphorylation was also seen after anti-NGF Interestingly, Frat-1 expression also led to a 2.6-fold antibody treatment (data not shown). Moreover, readdiincrease in the axon branching frequency (EGFP, 5.0 Ϯ tion of NGF to NGF-starved DRG cultures induced dra-0.31 ϫ 10 Ϫ3 branch points/m; Frat-1, 13.4 Ϯ 0.38 ϫ matic increases in GSK-3␤ phosphorylation. This in-10 Ϫ3 branch points/m, p Ͻ 0.0001). Together, these crease was antagonized by pretreatment of cells with results indicate that inactivation of GSK-3␤ is important LY294002 ( Figure 2B ). Together, these data demonstrate for efficient axon elongation and that GSK-3␤ inactivathat NGF regulates GSK-3␤ activity via PI3K in embrytion must be spatially localized to the distal axon and onic mouse DRG neurons. the growth cone. tubules, especially at the axon distal ends ( Figure 3A3 ). GSK-3␤ inhibitor treatment alone increased the distal microtubule level. These results suggest that inhibition Therefore, this fix/extraction technique is able to detect changes in microtubule levels.
of GSK-3␤ activity positively regulates microtubule levels downstream of the NGF-PI3K pathway. Quantitation Using this method, we next asked how inhibition of NGF signaling affects microtubule levels in the axons. of microtubule levels confirmed highly-significant effects of the NGF-PI3K-GSK-3␤ pathway in regulating Treatment with an anti-NGF antibody significantly reduced the density of polymerized microtubules at the axonal microtubules ( Figure 3B ). Figure 4A1 , APC staining was intense in the soma and proximal treatment nor PI3K inhibition in terms of microtubule levels. They contained even higher microtubule density axon, tapered off along the distal axon, and then was strikingly intense at the distal axon tip. Higher-magnifiat their distal ends than that of control axons ( Figures  3A6 and 3A8) , which was consistent with the result that cation imaging showed that APC clustered at the very tip of the microtubule bundles ( Figure 4A2 ). Microtubules in served APC distribution could have been due to clustering of APC at the membrane near the microtubule ends these fast growing axons were highly bundled at their distal ends, and individual microtubule filaments were rather than to direct binding of APC to the microtubules. To confirm that APC binds to microtubule plus ends, difficult to resolve. Thus, it was possible that the ob- we treated neurons with cytochalasin to depolymerize tubules, neurons were extracted with 1% Triton X-100 before fixation. As expected, APC was shown to be actin filaments and therefore allow bundled microtubules at the axon tips to splay apart. After cytochalasin Triton X-100 insoluble, indicating cytoskeleton binding ( Figures 4B1-4B3 ). treatment, APC protein could be resolved as clearly decorating the tips of individual microtubules ( Figure 4A3 , To directly visualize APC localization in control neurons without altering cytoskeletal structure, we transarrows). To further confirm that APC binds to the micro-fected neurons with wild-type Rac to obtain larger APC accumulation compared to controls ( Figure 5A ). Treatment with a function-blocking antibody against growth cones. These large growth cones displayed nor-NGF for 1 hr induced growth cone collapse and dramatimal morphology and motility (data not shown) compared cally diminished APC staining at the axon tips. This result to the control growth cones. Microtubules in these Racindicates a regulatory role of NGF in APC accumulation. expressing growth cones showed typical organization Two different PI3K inhibitors, LY294002 and wortmanwith most microtubules ending in the C domain and nin, caused growth cone collapse with decreased filasome individual dynamic microtubules protruding into mentous actin and significantly reduced APC accumulathe P domain. As shown in Figure 4C1 , APC protein was tion. Similarly, the specific ILK inhibitor also induced mainly concentrated in the C domain of the growth cone, growth cone collapse and decreased APC accumulawhere most microtubules end (arrow). Some APC was tion. An ERK inhibitor, U0126, however, had little effect also observed in the peripheral actin-rich region (arrowon APC staining even though it induced similar growth head). Double staining for APC and tubulin revealed that cone collapse. Thus, ERK activation is not necessary some APC was clearly detected at the ends of individual for APC accumulation. This result also indicates that dynamic microtubules ( Figure 4C2, arrows and inset) . Figures 6A and 6B) . microtubules during mitosis, while C-APC⌬MTB had These results suggest that PI3K activation and GSK-3␤ no effect. phosphorylation protect ␤-catenin degradation in axTo further confirm the functional role of APC in regulatons. Indeed, in growing axons, ␤-catenin is mainly coning axon growth, we generated a construct encoding centrated at the tip of the axon, where GSK-3␤ is inactithe C-terminal fragment of EB1 (C-EB1), which lacks the vated and APC accumulates ( Figure 6C showed no morphological abnormality, and cells from
In the axons of control NGF-stimulated neurons, axon distal ends (Figure 3A5
)
